The R2 subunits of class I ribonucleotide reductases (RNRs) house a diferric-tyrosyl radical (Y⅐) cofactor essential for DNA synthesis. In yeast, there are two R2 proteins, Y2 and Y4. Although both Y2 and Y4 are homologous to R2s from other organisms, Y4 lacks three conserved iron-binding residues, and its exact function is unclear. Y4 is required for assembly of the diferric-Y⅐ cofactor in Y2, and the two proteins can form both homodimeric and heterodimeric complexes. The Y2Y4 heterodimer was crystallized from a mixture of the two proteins, and its structure was determined to 2.8 Å resolution. Both Y2 and Y4 are completely ␣ helical and resemble the mouse and Escherichia coli R2s in overall fold. Three ␣ helices not observed in the mouse R2 structure are present at the Y2 N terminus, and one extra N-terminal helix is observed in Y4. In addition, one of the eight principal helices in both Y2 and Y4, ␣D, is shifted significantly from its position in mouse R2. The heterodimer interface is similar to the mouse R2 homodimer interface in size and interacting residues, but loop regions at the interface edges differ. A single metal ion, assigned as Zn(II), occupies the Fe2 position in the Y2 active site. Treatment of the crystals with Fe(II) results in difference electron density consistent with formation of a diiron center. No metal-binding site is observed in Y4. Instead, the residues in the active site region form a hydrogen-bonding network involving an arginine, two glutamic acids, and a water molecule.
R
ibonucleotide reductases (RNRs) catalyze the reduction of ribonucleotides to the corresponding deoxyribonucleotides, an essential step in nucleotide metabolism in all organisms (1) . By providing a balanced pool of monomeric precursors for DNA replication and repair, these enzymes play a crucial role in control of cell proliferation. Members of the largest class of RNRs, class I, are found in all eukaryotes, in many prokaryotes, and in several viruses. The catalytically active form of class I RNRs is proposed to be an ␣ 2 ␤ 2 tetramer (2). The homodimeric ␣ subunit, called R1, houses the active site and binding sites for allosteric effectors. The ␤ subunit, called R2, contains a diiron cluster that in its reduced state reacts with dioxygen to form a stable tyrosyl radical (Y⅐) and a diiron(III) cluster. This essential Y⅐ is proposed to generate a thiyl radical, located on a cysteine residue in the R1 active site, that initiates ribonucleotide reduction (3, 4) .
The most extensively characterized class I RNR system is that found in Escherichia coli. Crystal structures of both the E. coli R1 (5) and R2 (6, 7) proteins have been determined, and the mechanism of diferric-Y⅐ cofactor assembly has been probed by a variety of spectroscopic techniques (3) . By contrast, less is known about the structure and mechanism of eukaryotic class I RNRs. A structure of mouse R2 is available (8) , and cofactor formation has been investigated (9, 10) . However, these studies have proved more difficult because the diiron center in mouse R2 is less stable than that in E. coli R2 (8, 11) , and the kinetics of cluster assembly are less amenable to detection of intermediates. Because eukaryotic class I RNRs have been a successful target for anticancer drugs (12, 13) , further understanding of their structure, mechanism, and regulation is imperative.
An obvious choice for a eukaryotic model system is Saccharomyces cerevisiae, which contains four genes encoding RNR subunits. The RNR1 and RNR3 gene products, designated Y1 and Y3, correspond to the R1 protein (14) . The RNR2 gene product, designated Y2, corresponds to R2 (15, 16) . Both Y1 (14) and Y2 (17) are essential for mitotic viability whereas Y3 is not normally expressed, but can rescue cells deficient in Y1 (14) . The fourth gene product, RNR4 or Y4, is 56% identical to Y2 and also appears to be an R2 homolog (17, 18) . Several features of the Y4 sequence are intriguing. Although Y2 contains 16 critical residues conserved in almost all R2 proteins, 6 of these residues are not conserved in Y4. In particular, 3 residues known to coordinate iron in E. coli R2 are absent. Two histidines are replaced by tyrosines, and a glutamic acid is changed to arginine, suggesting that Y4 cannot accommodate a diiron center. In addition, Y4 lacks the N-terminal 50 residues found in Y2 and other eukaryotic R2s. Nevertheless, deletion of Y4 is lethal in some yeast strains and impairs cell growth in others (17) (18) (19) (20) , indicative of an important role in RNR function.
Initial efforts to purify and study the yeast RNR proteins were hindered by a rapid loss of enzyme activity (21, 22) , but successful purification of all four subunits has been reported recently (23, 24) . A key finding of the work of Nguyen et al. (23) is that Y4 is required to assemble the diferric-Y⅐ cofactor in Y2. Unlike E. coli R2, addition of Fe(II) and O 2 is not sufficient to generate active Y2, but inclusion of Y4 yields active Y2 and detectable Y⅐. A Y⅐ cannot be generated by addition of Fe(II) and O 2 to Y4 alone, consistent with the absence of iron ligands in the Y4 sequence. These data, along with the observation that Y2 and Y4 can form a complex in vivo (17, 23) , led to the proposal that Y4 delivers iron ions to the Y2 active site by the formation of a heterodimeric complex (23), similar to that suggested for the yeast copper chaperone for superoxide dismutase (25) . In this model, Y4 might then dissociate from Y2 to allow the formation of Y2 homodimers. An alternative role of Y4 proposed by Chabes et al. (24) is that of a molecular, rather than metallo, chaperone. In this scenario, Y4 facilitates folding of Y2, stabilizes it in a conformation needed for cofactor assembly, and remains associated for RNR activity (17, 18, 24) . Recent observations, including those presented in the accompanying paper, indicate that the Y2 and Y4 homodimers can indeed convert to active heterodimers (24, 26) . To help elucidate the function of Y4 and to advance our understanding of eukaryotic RNRs, we have determined the x-ray structure of the Y2Y4 heterodimer to 2.8 Å resolution.
Abbreviations: RNR, ribonucleotide reductase; R1, large subunit of ribonucleotide reductase; R2, small subunit of ribonucleotide reductase; Y⅐, tyrosyl radical; Y2 and Y4, small subunits RNR2 and RNR4 of yeast ribonucleotide reductase; EMTS, ethylmercurithiosalicylate.
Data deposition: Refined coordinates have been deposited in the Protein Data Bank, www.rcsb.org (PDB ID code 1JK0).
Materials and Methods
Crystallization and Data Collection. Y4 and His 6 -tagged Y2 were purified as described (23, 26) . Purified Y2 was exchanged into 50 mM Tris (pH 7.8) and concentrated to 10 mg͞ml in a Millipore Microcon 10 centrifugal concentrator. Purified Y4 from a 144 mg͞ml stock solution was diluted to 10 mg͞ml with 50 mM Tris (pH 7.8). The Y2 and Y4 protein solutions were then mixed in equal volumes and diluted with 50 mM Tris (pH 7.8) to final concentrations of 4 mg͞ml. This solution was incubated overnight at 4°C before crystallization. Crystals were grown by using the sandwich drop technique, in which a drop containing 5 l protein solution and 5 l precipitant solution is suspended between two siliconized glass slides. The precipitant solution consisted of 100 mM acetate buffer (pH 4.9), 14% wt͞vol polyethylene glycol (PEG) 4000, and 200 mM NaCl. The final pH of the mixed drop was measured to be 5.3. Long rectangular crystals of maximum dimensions 0.10 mm ϫ 0.10 mm ϫ 1.0 mm appeared within 3-7 days. These crystals were transferred to a cryosolution composed of the precipitant with 20% ethylene glycol for 5 min and then flash cooled in liquid nitrogen. A 2.8-Å resolution data set was collected at Stanford Synchrotron Radiation Laboratory at Ϫ160°C by using a Mar 345 imaging plate detector (NATIVE, Table 1 ). The crystals belong to the space group P2 1 2 1 2 1 with unit cell dimensions a ϭ 92.9 Å, b ϭ 93.0 Å, and c ϭ 97.4 Å.
Isomorphous heavy atom derivatives were prepared by soaking crystals in solutions containing the precipitant supplemented with 5% glycerol and 5 mM lead(II) acetate or 1 mM ethylmercurithiosalicylate (EMTS) for 6 h, after which the crystals were transferred to the cryosolution and flash cooled in liquid nitrogen. Anomalous data were then collected at a wavelength near the x-ray absorption edge of the heavy atom. For Fe(II) soaking experiments, Y2Y4 crystals were transferred into 10-l drops of a thoroughly degassed cryosolution of 100 mM acetate buffer (pH 5.4), 20% vol͞vol ethylene glycol, 14% wt͞vol PEG 4000, and 200 mM NaCl to which solid ferrous ammonium sulfate was added to a final concentration of 10 mM Fe(II). The crystals were soaked in this cryosolution for Ϸ1 min and then flash cooled in liquid nitrogen. Derivative data sets were collected at the DuPont-Northwestern-Dow Collaborative Access Team (DND-CAT) beamline at the Advanced Photon Source at Ϫ160°C by using a 2K ϫ 2K Mar charge-coupled device (CCD) detector (PB, EMTS, FE, Table 1 ). All data were processed with the programs DENZO and SCALEPACK (27) .
Structure Determination. Heavy atom sites for the Pb(II) and EMTS derivatives were initially determined by Patterson analysis, and additional sites were located by using the program SOLVE (28) . Refinement of these sites followed by density modification and phase extension to 3.1 Å resolution with CNS (29) yielded an interpretable electron density map in which two molecules containing a number of long ␣ helices were apparent. The molecular model was refined by iterative cycles of rigid body refinement to 3.0 Å resolution, followed by minimization, simulated annealing, and restrained B-factor refinement to 2.8 Å resolution. After each cycle, the model was rebuilt by using the program O (30) . The quality of the model was monitored by the free R value calculated using 7% of the data. The locations of sulfur atoms were determined from anomalous difference Fourier maps generated from anomalous scattering data collected at a wavelength of 1.7 Å (ANOM, Table 1 ). These sites were used to position methionine and cysteine residues in the two molecules in the asymmetric unit, and clearly showed that the asymmetric unit contained one monomer each of Y2 and Y4. In addition, the electron density for numerous side chains, including the two tyrosines in the Y4 active site region, indicated the presence of two different proteins. The final model contains a single Y2Y4 heterodimer, 58 solvent molecules, and one zinc ion ( Table 1 ). The Y2 model includes residues 26-359, and the Y4 model includes residues 11-90, 100-263, and 275-295. No electron density was present for Y4 residues 91-99 and 264-274. A portion of a composite omit electron density map is shown in Fig. 1 . Ramachandran plots generated with PROCHECK (31) show that the model exhibits good stereochemistry, with 99.7% of the Y2 residues and 98.8% of the Y4 residues in the most favored and additionally allowed regions. Accessible surface area calculations were performed with the CCP4 program AREAIMOL (32) .
Figures were generated with BOBSCRIPT (33) , MOLSCRIPT (34) , and RASTER3D (35) .
Results and Discussion
Overall Structure. The Y2Y4 heterodimer is similar to the E. coli (6, 7) and mouse R2 (8) homodimers (Fig. 2) . Both Y2 and Y4 are completely ␣ helical and lack the ␤ hairpins that constitute the tip of the heart shape in the E. coli homodimer. Y2 is composed of 13 ␣ helices, the 8 longest of which (␣A-␣H) form an ␣ helical bundle like those in E. coli and mouse R2. The visible portions of Y4 include 10 ␣ helices, 8 of which (␣A-␣H) form the conserved 8-helix bundle structure (Figs. 2 A and 4) . No electron density is present for the C-terminal 41 residues of Y2 and 51 residues of Y4, suggesting that these regions are disordered. This observation is not surprising because the C termini are essential for interaction with the Y1 subunit (26, 36) and, in the mouse and E. coli systems, become structured only on complexation of the two proteins (37, 38) . Although the Y4 C terminus is sensitive to proteolysis between residues 330 and 331 (26) , SDS͞PAGE analysis of dissolved heterodimer crystals indicates that Y4 is intact in the crystal. A striking feature of the Y2 molecule is the presence of 3 ␣ helices (␣1-␣3) at the N terminus that encompass 44 residues not observed in mouse R2 (8) (Figs. 2-4) . Helix ␣1 interacts with ␣B and ␣G, and helix ␣2 interacts with ␣D and ␣G. Helix ␣3 is linked to ␣E by a hydrogen bond between Arg-66 and Glu-230. Most of this region is not conserved in Y4, but the N-terminal 10 residues in the Y4 structure form a helix that corresponds to Y2 ␣3. As a result of the extended Y2 N terminus, the Y2Y4 heterodimer is asymmetric. The presence of an ordered N terminus in Y2 as compared with mouse R2 can be explained by crystal packing interactions. Residues in the first 3 ␣ helices of Y2 provide most of the crystal packing contacts. Of 15 Y2 residues involved in lattice interactions, 13 are between residues 33 and 84. By contrast, the first visible N-terminal residue in the mouse R2 structure appears to be pointed into a solvent channel.
Excluding the N terminus of Y2, Y2 and Y4 are quite similar and can be superimposed with an rms deviation of 1.2 Å for 251 C␣ positions. The most significant deviation is in Y2 residues 189-207 and Y4 residues 137-157. This region in Y2 is ␣ helical, ␣5, but is a loop in Y4. Notably, Y2 ␣5 and the following helix, ␣D, also differ significantly from the corresponding region in mouse R2 (Fig. 3) . Compared with their positions in mouse R2, these helices are shifted by Ϸ5 Å toward the N-terminal helices in Y2 and away from the four-helix bundle that houses the iron binding site (␣B, ␣C, ␣E, and ␣F). The corresponding loop and helix in Y4 are translated in the same direction. In addition, the loop connecting Y2 ␣3 and ␣A and the analogous regions in both Y4 and mouse R2 are all different from one another.
Heterodimer Interface. The Y2Y4 interface is very similar to the mouse R2 homodimer interface both in size and in specific interactions. On heterodimer formation, 2,517 Å per monomer) for the mouse R2 dimer. By contrast, Ϸ6,000 Å 2 accessible surface area is buried on formation of the E. coli R2 homodimer. Many residues involved in protein-protein contacts are concentrated on helix ␣C in both Y2 and Y4. Additional interactions involve residues derived from ␣B, ␣5, and the loop connecting ␣3 and ␣A (Figs.  2 A and 4) . In mouse R2, Phe-102, Phe-165, and Ala-168 generate a hydrophobic cluster at the interface (8) . The same cluster is present in the Y2Y4 heterodimer, formed by Phe-107, Phe-171, and Met-174 from Y2 and Phe-56, Phe-119, Met-122 from Y4. Several interactions between charged residues are also observed. Y2 Lys-101 is hydrogen bonded to Y4 Glu-60 and Y4 Glu-129, and Y4 Lys-50 is hydrogen bonded to Y2 Glu-111 and Glu-181. These two lysines correspond to mouse R2 Lys-96, which forms a number of salt bridges. Many other residues located at the heterodimer interface are conserved among Y2, Y4, mouse R2, and E. coli R2, although the lengthening of helices ␣D and ␣E in E. coli R2 render its interface significantly larger (Fig. 4) . Despite these similarities, variations among Y2 ␣5, the loop connecting Y2 ␣3 and ␣A, and their structural counterparts in Y4 and mouse R2 render the edges of the heterodimer interface different from the edges of the mouse R2 homodimer interface. As a result, Glu-84, Thr-86, Val-87, Leu-88, and Pro-90 in Y2 and Arg-33, Phe-35, Val-36, Met-37, and Pro-39 in Y4 occupy different positions than the equivalent residues in mouse R2.
Y2 and Y4 Active Site Regions. The active site in Y2 contains all of the residues used for diiron cluster formation in E. coli R2 (6, 7) (Figs. 4 and 5A ). There are two histidines, His 179 and His-276, three glutamic acids, Glu-176, Glu-239, and Glu-273, and a single aspartic acid, Asp-145. In addition, a 7 peak in the position occupied by Fe2 in E. coli R2 was evident in difference Fourier maps. An anomalous difference Fourier map calculated using the ANOM data set (Table 1) showed no density at this position. Because this data set was collected at a wavelength near the iron K edge, the absence of a peak at this site suggests that the metal ion is not iron. An anomalous difference Fourier map calculated using the NATIVE data set gave a 6 peak, however (Fig. 5A) . The NATIVE data set was acquired at a wavelength of 0.946 Å, which is closer to the absorption edges of zinc and of numerous heavy metals. Based on the presence of this peak and the observed coordination environment, the density was modeled as a partially occupied Zn(II) ion. The zinc ion is coordinated by one side chain oxygen each from Glu-176, Glu-239, and Glu-273, and by the ␦ nitrogen of His-276 in a distorted tetrahedral geometry. A single bound metal ion, assigned as Fe(III), is also observed in the mouse R2 Fe2 site (8) . Both His-276 and its mouse R2 counterpart are hydrogen bonded to water molecules rather than to other residues, as in E. coli R2 (Fig. 1) . The second histidine, His-179, is properly positioned to ligate a second metal ion in the Fe1 site and is hydrogen bonded to Asp-272.
The aspartic acid, Asp-145, is not well ordered with a B-value , and was best modeled as pointing away from the Fe1 site. In this position, one of its side chain oxygens is within hydrogen bonding distance of a water molecule. By contrast, the analogous aspartic acid in mouse R2 points toward the Fe1 site, although it is farther away than the same residue in E. coli R2. Because the crystals were grown at pH 5.3 and frozen at pH 4.9, different protonation states could account for the apparent flexibility of Asp-145. Residues 146-148 are also disordered, suggesting that occupation of the Fe1 site might be required to order this region. The expected site of Y⅐ formation, Tyr-183, occupies the same position as in the other R2s. The combination of the Asp-145 conformation and the shifted position of helix ␣D renders the Y2 active site even more exposed than the mouse R2 active site (8) .
Three of the 6 Y2 active site residues are conserved in Y4, two glutamic acids and the aspartic acid (Fig. 5B) . Both Glu-124 and Glu-186 occupy positions similar to those of their Y2 counterparts. A water molecule not observed in Y2 links Glu-186 to Glu-124 and Gln-120. The aspartic acid, Asp-93, and surrounding residues 91-99 are not visible in the electron density map and could not be modeled. Two tyrosines, Tyr-127 and Tyr-223, replace the two histidines in the Y2 active site. The side chain oxygen atoms of these two tyrosines are separated by 3 Å, and the side chain oxygen of Tyr-127 is hydrogen bonded to the side chain of Asp-219. Perhaps the most unusual feature of the Y4 active site region is the presence of an arginine, Arg-220. One Arg-220 nitrogen is hydrogen bonded to both side chain oxygens of Glu-124, one of which also interacts with the Arg-220 nitrogen. The other nitrogen is Ϸ2.5 Å from the side chain oxygen of Tyr-194 and Ϸ3.5 Å from the side chain of Gln-190. These 2 residues, along with Asn-193, Tyr-127, Tyr-223, and Arg-220, constitute the 6 of 16 critical eukaryotic R2 residues not conserved in Y4. The identities and positions of the Y4 active site residues strongly suggest that this site does not bind iron. Moreover, no extra electron density attributable to a metal ion is observed.
To further probe the iron binding capabilities of both Y2 and Y4, heterodimer crystals were treated with ferrous ammonium sulfate at pH 5.1. The soaking time had to be limited to 1 min to preserve diffraction quality. A 2.8-Å resolution isomorphous difference Fourier map calculated using the FE and NATIVE data sets revealed two peaks at the Y2 iron binding site: a 15 peak at the Fe2 site and a 10 peak at the Fe1 site (Fig. 5A) . No significant peaks were observed in the Y4 active site region or anywhere else in the Y4 molecule, confirming that Y4 does not bind iron under these conditions. The peaks in Y2 are 3.7 Å apart, a distance similar to the Fe⅐⅐⅐Fe separation in reduced wild-type E. coli R2 (39) . The presence of these two peaks demonstrates that Y2 can accommodate a diiron center. There are several possible explanations for the lower intensity of the Fe1 peak. First, the low pH of the crystallization (5.3) and soaking (5.1) solutions could preclude proper assembly of the diiron center. Alternatively, a longer soak time might be necessary to fill the Fe1 site. Finally, the putative zinc ion already present at Fe2 in some fraction of the molecules might prevent binding at Fe1 in these molecules. Removal of this metal ion could be necessary to properly assemble the diiron cluster. Additional difference electron density observed near the Fe2 site (Fig. 5A) is not consistent with a shift of either Glu-239 or Glu-273, but instead corresponds to a site occupied by exogenous ligands in mutants of E. coli R2. A solvent molecule occupies this site in the reduced D84E mutant (40) , and azide is bound at this position in the F208A͞Y122F double mutant (41) . It therefore seems likely that an exogenous ligand is present in the irontreated Y2 crystals. A possible candidate for this ligand is acetate ion because acetate is present in high concentrations in the crystal soaking solution. Function of Y4. Two possible roles for Y4 have been proposed based on its initial characterization. First, Y4 could act catalytically as a metallochaperone, delivering iron ions to Y2 via a transient heterodimeric complex (23). The inability to detect ferric or ferrous iron binding to Y4 and the isolation (26) and crystallization of a stable Y2Y4 heterodimer starting with the two homodimers are not consistent with this function. In addition, activity assays demonstrate that Y4 activates Y2 stoichiometrically rather than catalytically (24, 26) , and quantitative Western analysis shows that the two proteins are present in comparable amounts in yeast cells (26) , although their localization and concentration as a function of cell cycle have yet to be determined. Finally, deletion of the Y4 C-terminal tail, initially proposed to bind iron (23), does not interfere with iron loading of Y2 in vitro (24, 26) . It therefore seems unlikely that Y4 binds iron and delivers it directly to the Y2 active site.
The second proposed role of Y4 is that of a molecular chaperone, facilitating folding of Y2 (24) . Because the His 6 -tagged Y2 is amenable to purification, folded according to CD spectroscopy (26) , and well behaved in crystallization trials, Y4 does not appear to be essential for proper folding of this His 6 -tagged form of Y2. It is possible, however, that Y4 stabilizes Y2 in the proper conformation for iron cluster assembly and Y⅐ formation. Even if Y4 does not directly insert iron into Y2, it could promote interaction with another assembly protein or simply hold Y2 in a position that renders the active site more accessible to ferrous iron delivered by another protein or transporter. If this is the only function of Y4, the two proteins might be expected to dissociate after the diferric-Y⅐ cofactor is generated. It is not yet known whether Y2 can form active homodimers once the cofactor is assembled.
If the heterodimer does dissociate after cofactor assembly, iron loading of Y2 might modulate the affinity of Y2 for Y4. For example, the conformation of Asp-145 is expected to change on iron binding. A shift of this residue toward the diiron center could propagate changes in the adjacent helix ␣C, which houses numerous residues involved in the heterodimer interface. In particular, Lys-166 on helix ␣C is predicted to be near Y4 Lys-98, which is disordered in the present structure. It is conceivable that iron binding brings these two lysines closer together, increasing electrostatic repulsion and facilitating dissociation of the heterodimer. Because the corresponding residue in Y2 and also in mouse R2 is a glutamic acid (Fig. 4) , a similar unfavorable interaction would not occur in the Y2 homodimer.
The presence of comparable amounts of Y2 and Y4 in yeast cells and the detection of 0.6-0.8 Y⅐ per heterodimer (26) suggest that the heterodimer might remain intact, however. If the heterodimer is the active species in vivo, Y4 probably not only assists in cofactor assembly, but also stabilizes Y2 in an active conformation. By analogy to the E. coli system (5), the Y2Y4 heterodimer would then interact with the Y1 homodimer. It is unclear why such a complex between heterodimer and homodimer would be necessary or advantageous. Structural characterization of both the activated heterodimer and the Y2 homodimer, combined with further biochemical and in vivo studies, should clarify the exact role of Y4 in DNA synthesis.
